Two new p-terphenyl derivatives (1, 2), together with six known ones (3 -8), have been isolated from the marine fungal strain Aspergillus sp. AF119. The structures for terphyl acid (1) and terphyl diacid (2) were determined on the basis of HR Q-TOF-MS, and 1D-and 2D-NMR spectroscopic data. The in vitro cytotoxic activities of compounds 1 -8 were tested against human tumor cell lines HeLa, HepG-2 and MDA-MB-435; only compounds 5 -8 exhibited inhibitory activity against the tested cell lines with IC 50 values < 20 µM. Moreover, compound 5 showed a mechanism of inducing cell cycle arrest and apoptosis mediated by the generation of ROS and subsequent DNA double-strand break.
Terphenyls include three structure-types, ortho-, meta-, and paraterphenyls, respectively. No natural o-terphenyls have been reported to date and very few m-terphenyl derivatives occur naturally. The first natural m-terphenyl trifucol was isolated from Fucus vesiculosus [1] . Macranthol, dunnialol and simonsinol were identified from the pericarps and bark of a Chinese plant Illicium macranthum [2] [3] [4] . Another m-terphenyl derivative, mulberrofuran R, was isolated from an ethyl acetate extract of the root bark of the cultivated mulberry tree (Roso, a cultivated variety of Morus ihou Koidz) [5] . Among the natural terphenyls, p-terphenyls are the dominant class, and over one hundred compounds have been isolated from microorganisms and mushrooms [6] [7] [8] [9] [10] [11] [12] . p-Terphenyl natural products have attracted great attention because of their diverse structures as well as their broad spectrum of biological activities, including antioxidant [7, 13] , neuroprotective [15] , potent immunosuppressant [15] and cytotoxic [16, 17] . In the continuation of our studies on marine, fungal-derived, bioactive secondary metabolites, the chemical constituents of Aspergillus sp. AF119 have been investigated. This report describes the chromatographic separation, structural elucidation and cytotoxic activities of two new p-terphenyl derivatives (1, 2) , and six known ones, namely 4dehydroxy-3"-hydroxyl-terphenyllin (3) [18] , terphenyllin (4) [19] , 3-hydroxyterphyllin (5) [20] , 3,3''-dihydroxyterphyllin (6) [21] , and candidusins A (7) and B (8) [22] (Figure 1 ). The structures of the known compounds were confirmed by comparing their spectroscopic properties with those reported.
Analysis of 1 H-and 13 C-NMR spectroscopic data of 1 and 2, as well as IR and UV data, showed similarity with the known p-terphenyls 3 -8 (Tables 1-3 ). However, the unambiguous NMR assignments for 1, 2 were only able to be completed with the aid of 2D-NMR ( 1 H, 1 H-COSY, HSQC, HMBC) and DEPT experiments ( Table 1) .
Compound 1 was obtained as yellow amorphous powder. The molecular formula was determined as C 20 H 18 O 8 based on the HR Q-TOF MS and NMR data. The IR spectrum indicated absorption bands of hydroxyl (3303 cm -1 ), carboxyl (1725 cm -1 ) and -lactone (1651cm -1 ) groups. The 13 C -NMR (DEPT) spectrum of 1 (Table 1) 1) showed 20 signals: two OMe, one CH 2 , seven CH (one being oxygenated and six olefinic CH) and ten quaternary C-atoms. Comparison of 1 H-and 13 C-NMR data of 1 (Table 1) and terphenyllin (4) revealed that they have the similar basic fragments of the A and B rings. The , -unsaturated--lactone ring was deduced according to HMBC correlations from the protons H-C (2"), H-C (4") to corresponding carbons. From the 1 H, 13 C longrange correlations from H-C (5") to C (4") and C (6") and 1 H, 1 H-COSY of H-C(4)/H-C(5), the fragment of ring C was determined. The HMBC correlations from H-C (2") to C(4') showed that ring A was connected to C(4') (105.5) of the pentasubstituted phenyl ring B. From the above data, the structure of compound 1 was established as 2-(3-(3,4'-dihydroxy-2,5-dimethoxybiphenyl-4-yl)-5oxo-2,5-dihydrofuran-2-yl) acetic acid, named as terphyl acid.
Compound 2 was obtained as yellow amorphous powder. The molecular formula was determined as C 20 H 18 O 11 from the HR-Q-TOF MS and NMR data. The 13 C-NMR (DEPT) spectrum of 2 (Table 1 ) showed 20 signals: two OMe, two CH 2 , five CH (two being oxygenated and three olefinic CH) and eleven quaternary Catoms. Comparison of the NMR data of 1 and 2 (Table 1) revealed that they have similar basic structure of rings B and C. Meanwhile, ring A of compound 2 is identical to that of ring C. From these data, the structure of compound 2 was established as 2, 2'-(3, 3'-(3hydroxy-2, 5-dimethoxy-1, 4-phenylene) bis (5-oxo-2,5dihydrofuran-3,2-diyl)) diacetic acid, named as terphyl diacid.
Compounds 1 -8 were evaluated for their anti-tumor effects against human hepatocellular carcinoma HepG2 cell line, human cervical carcinoma HeLa cell line, and human breast carcinoma MDA-MB-435 cell line using the MTT assay [23, 24] . After incubation for 72 h, most of the compounds showed either similar or better activities against these three cell lines than that of the control resveratrol (Table 4 ). Compounds 5 and 7 showed the best anti-proliferative activities against these cell lines with IC 50 values < 50 μM. Similarly to compound 1, compound 2 was found to be inactive up to 100 μM against all three cell lines. Of the three cell lines, MDA-MB-435 was more sensitive to compounds 3-8 than the other two and so was chosen as the test cell line for the studies.
Cell morphological observations were subsequently performed for compounds 3 -8 at three concentrations (10, 20 and 50 μM) with an inverted microscope. Incubations of 50 μM of compounds 3 -8 for 24 h in MDA-MB-435 cells led to either severe cell distortion or elongation, membrane blebbing and shrinkage. By increasing the treatment time to 48 h and 72 h, a larger proportion of cells became round in shape and showed necrosis, but the untreated cells displayed normal shape and a clear skeleton ( Figure 2 ). However, at concentrations below 50 μM, only 20 μM of compounds 5-8 showed obvious effects on the cell morphology of MDA-MB-435 at 72 h post treatment, while none of the compounds had an effect at 10 μM ( Figure 2 ).
The effect of compounds 3-8 on the viability of MDA-MB-435 cells was determined by adding the compounds at increasing concentrations followed by membrane integrity analysis using flow cytometry to observe propidium iodide (PI) staining (Figure 3 ). Continuous exposure to 10, 20 and 50 μM of compounds 5-8 resulted in dose-dependent decreases in the viability of MDA-MB-435 cells as compared with the vehicle groups. As expected, the ratio of dead cells also increased with increasing exposure time, which is consistent with the observations in the morphological studies.
To investigate the mechanism underlying the antiproliferative effect of 5, the cell cycle distributions of MDA-MB-435 cells were examined by flow cytometric analysis (Figure 4 ). Compound 5 induced an appreciable accumulation of cells of the G2/M phase at 5 μM after 24 h of incubation (33.6% against 14.0% of the vehicle) ( Figure 4A ). However, this effect was reversed with the increase of treatment time, and the number of cells at S and G2/M phase was markedly reduced, with accumulation of cells in the G1 phase ( Figure 4B ). Treatment with 10 μM compound 5 for 24 h led to an accumulation of cells of the S phase (55.9% against 44.8% of the vehicle) with a concomitant increase in the population of the sub-G1 phase ( Figure 4A ). The inhibitory effect on cell cycles was not observed with the increase of concentrations (20, 40 and 60 μM) ( Figure 4A ), but increments of sub-G1 cells were observed for 5 and 40 μM concentrations of compound 5 in a time-dependent manner ( Figure 4B ). ROS induces cell cycle arrest, programmed cell death or necrosis, affects the expression of many genes, and activates cell signaling cascades [25] . The effect of compound 5 on the intracellular ROS levels in MDA-MB-435 cells was examined using DCFH-DA as a fluorescent probe. The exposure of cells to 20 and 50 μM of compound 5 for 4 h caused a significant increase in the intracellular ROS levels. Particularly, when MDA-MB-435 cells were treated with 50 µM of compound 5 for 6 h, DCFH-DA derived fluorescence increased more than 2.5-fold of the vehicle control ( Figure 5 ). Interestingly, exposure of cells to 10 μM of compound 5 notably decreased the intracellular ROS level within 4 h. These results suggested that intracellular ROS generation might be one of the early events related to compound 5-induced cell cycle arrests in MDA-MB-435 cells.DNA double-strand break (DSB) is a type of DNA damage that occurs within the cell, it can be generated by endogenously generated ROS. A very early step in the cellular response to DSB is the phosphorylation of a histone H2A variant, H2AX, at the sites of DNA damage. H2AX is rapidly phosphorylated at serine 139 when DSBs are introduced into mammalian cells resulting in discrete γ-H2AX (phosphorylated H2AX) foci at the DNA damage sites [26, 27] . Since compound 5 induced the generation of ROS in MDA-MB-435 cells, we examined the phosphorylated histone H2AX at Ser 139 (γ-H2AX) and its accumulation in nuclear foci. It was found that γ-H2AX foci in the nucleus became visible after exposure for 4 h to 10 µM of compound 5 by immunofluorescence staining (Figure 6 ).
Two new p-terphenyl derivatives (1, 2) together with six known ones (3 -8) have been isolated from the marine fungal strain Aspergillus sp. AF119. Among these compounds, 3-8 exhibited significant cytotoxicities against HeLa, HepG-2 and MDA-MB-435 cell lines. Moreover, compound 5 showed a mechanism of inducing cell cycle arrests and apoptosis mediated by the generation of ROS and subsequent DNA double-strand break. This work may encourage the development of novel, effective, and less toxic antitumor agents targeting cell cycle arrests through drug design using natural p-terphenyls and resveratrol. 
Experimental

General experimental procedures:
Biological assay
Cytotoxicity assays: The cytotoxicity was measured by the MTT (microculture tetrazolium [3-(4, 5-dimethylthiazol-2-yl)-2,5diphenyl-tetrazalium bromide, Sigma] assay) [23, 28] . Briefly, the cells plated in the wells of 96-well plates (Falcon) were treated in triplicate with various concentrations of compounds for 72 h at 37˚C. After change of medium, a 20 µL aliquot of MTT solution (5 mg/mL) was added and incubated for 4 h at 37˚C. One hundred µL of triplex solution (10% SDS, 5% isobutanol, 12 mM HCl) was added to each well and incubated overnight at 37˚C. The optical density of each well was measured with a microplate reader (M-3350, Bio-Rad) at 595 nm. Growth inhibition rates were calculated with the following equation:
Inhabition rate OD control well OD treated well OD control well × 100%
＝ ＝ ＝ ＝
The IC 50 is defined as the concentration of compound that resulted in a 50% inhibition of growth rate.
